1. Introduction {#s1}
===============

Humans tend to assume that our vision represents the world as it is; that, for example, an object appears red because that object *is* red. However, the colours that objects appear depend on the colour vision of the observer, and humans actually have a rare form of colour vision among all animals (e.g. [@R2]; [@R13]). The early vertebrates were probably tetrachromatic and many fish, reptiles and birds remain so---meaning they have four types of cone receptor. Early mammals lost this multidimensional colour vision and became dichromatic, retaining only the cone classes sensitive to the longest and shortest wavelengths. An ancestor to African and Asian primates, with which we share our type of colour vision, reinvented full trichromatic vision from these dichromatic ancestors, so that we now have three types of cone---shortwave (S), mediumwave (M) and longwave (L)---two of which, L and M, remain similar to each other in many ways because they are the offspring of the same ancestral mammalian longwave cone. Most placental mammals have remained dichromatic, possessing S and L cones, while some groups have reduced to just L cones (and rods). The reason why primates bucked this trend has been the focus of a long-running debate. The main theories have suggested that the key selective advantage of trichromacy for primates lay in foraging, either for fruit ([@R1]; [@R20]; [@R22]; [@R24]; [@R25], [@R26]; [@R27]; [@R32]) or for young leaves ([@R8]; [@R34]) among the ubiquitous forest background of mature leaves. However, foraging involves several distinct tasks. Here, we ask whether the key task might have been spotting food from a distance, or efficiently picking food once it is within reach (i.e. food detection or food selection; [@R16]).

[@R23] compared the spatiochromatic properties of calibrated natural images, including those of fruit on leafy backgrounds with the properties of the three early channels of human vision: the "LM" colour pathway, which compares L cone signals with M cone signals (this pathway is often called "red--green," but this is slightly misleading); the "S-LM" pathway comparing S cone signals with pooled L and M signals (this pathway is often called "blue--yellow," but this is highly misleading), and an achromatic pathway. It is the ability to compare L with M signals that was new in primate trichromacy, and [@R23] found that the spatiochromatic properties of this channel are optimized for encoding reddish or yellowish fruit or leaves on a background of foliage at relatively small viewing distances. In other words, our LM system is optimized for *picking* fruit or edible leaves, rather than for spotting them from a distance. Does it follow that picking food was the critical task driving the natural selection of primate trichromacy? We cannot necessarily make this inference because natural selection is not driven by what a phenotype might be best at, but by the advantage that phenotype offers over other competing phenotypes. Even though the LM pathway may be best at selecting food close up, the biggest advantage over dichromacy might still be at spotting fruit at a distance.

In fact, other authors have explicitly assumed that the biggest advantage lay in spotting food from a distance ([@R9]; [@R16]; [@R25], [@R26]; [@R34], [@R35]). For example, Regan et al. and Sumner & Mollon modelled the task of finding fruit or young leaves in foliage for all plausible sensitivity functions that the L and M cones might take, in order to work out which combination of potential L and M cones would be optimal. It turned out that the optimal pair are very close to what we actually possess, supporting the argument that finding important objects amongst foliage was a driving force in the evolution of the LM colour channel. This approach did not incorporate the spatial properties of the system, unlike [@R23] but a component of the modelling---the estimation of quantum noise---did require the viewing distance of the stimuli to be specified. These studies explicitly assumed the key task was spotting food from a distance rather than picking food close up, and thus chose distances of about 10 m.

Behavioural evidence in favour of either task is circumstantial. South American monkeys have been the main focus of study because they are polymorphic in their colour vision ([@R21]); within the same species, some individuals can have trichromacy, while others have dichromacy (we will return to this in the Discussion section). These species offer the opportunity of natural experiments, comparing the behaviour of trichromatic individuals with dichromatic individuals, either in zoos or in the wild. [@R4] tested marmosets in visual search tasks in a naturalized captive setting. In one task, they scattered edible orange or green cereal balls in the cage, which required viewing from up to 6 m away, while in the other task the "targets" were placed on a tray among green wood shavings and viewed close up (\<0.5 m). An advantage for trichromats was evident only for the longer distance task, but the backgrounds for the visual search were not matched across tasks (the primary aim of the study was to establish whether the trichromats had an advantage in any task rather than to formally test the distance manipulation).

Since then, there has been no distance manipulation within the same study, and it has been surprisingly difficult for researchers to observe any significant behavioural differences between trichromatic and dichromatic monkeys in the wild. In a captive environment, the foraging advantage of trichromats has been replicated with tamarins finding simulated fruits in simulated leaves, but there was no distance manipulation ([@R31]). In the wild, [@R31] found a hint that trichromatic moustached tamarins might be more likely to lead the troop into fruiting trees than dichromats, consistent with an advantage in spotting fruit, but this was not consistent and it was not the case that all troops of tamarins were led by trichromats (saddleback tamarins were mainly male-led, who are all dichromats). Similarly, [@R3] found a hint that wild trichromatic titi monkeys found small patches of red or yellow fruit more often than their dichromatic conspecifics. However, the only significant observed advantage in wild monkeys has been capuchins selecting fruit at arms\' reach ([@R18]), where trichromats accepted (i.e. ate) more of the fruit they picked, sniffed fruit less, and had shorter foraging sequences than dichromats did. However, this apparent advantage for picking fruit does not appear to translate into consuming more food overall in trichromatic capuchins or spider monkeys ([@R12]; [@R18]; [@R39]). Moreover, [@R12] found that luminance, rather than colour, was the cue that best predicts foraging efficiency at grasping distance (for the fruits in their study at least). Additionally, olfaction and tactile cues can be available, reducing the importance of trichromacy ([@R11]; [@R16]; [@R32]).

Thus, it remains unclear whether we should expect the greatest advantage of human-like trichromacy to be in the longer distance task of spotting food, or the close-up task of picking it. The aim of our experiment was to simulate the competition to find fruit between two primates (in this case humans) in a naturalistic visual search task of real fruit in real foliage. We tested "normal" trichromats, dichromats and anomalous trichromats who have less separation between the L and M cone sensitivity functions than do "normal" trichromats, which impairs their LM dimension of colour vision. We included anomalous trichromats both to boost "colour-deficient" participant numbers (dichromats are relatively rare, ∼2% of the male population), and because evolutionarily the competing state to what we now consider normal trichromacy has almost certainly been "anomalous" trichromacy as well as dichromacy. The task was to count the number of "ripe fruit" hanging in a real bush from a distance of 1, 4, 8 or 12 m ([Figure 1](#F1){ref-type="fig"}). We used segments of yellow pepper as targets because they display spectral and thus chromatic properties representative of many fruit favoured by primates in a Ugandan rainforest ([Figures 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). The task was performed simultaneously by a pair of participants, one dichromat or anomalous trichromat and one "normal" trichromat matched as closely as possible for age, sex, experience of visual experiments and knowledge of colour vision. Each pair performed the task simultaneously so that they were exposed to the identical trial sequence and lighting conditions (cloudy or sunny). This set-up also engendered some aspect of competition between the pair, simulating the competition for fruit of two primates simultaneously foraging in the same tree.

![The naturalistic visual search task. The upper panel shows two participants during a trial at 4 m with three targets. Both have removed their blindfolds and opened their eyes in order to search the shrub. The lower panel shows the shrub with the eight potential target positions marked with red circles. This trial contains two targets.](i-perception-4-84-g0001){#F1}

![The stimuli. Using measurements from fruit in a Ugandan rainforest (e.g. panel a: samples of unripe, green, and ripe, yellow, *Chrysophyllum albidum*), we chose segments yellow pepper as targets and green pepper as distractors (b), because they have similar reflectance spectra (c) and chromatic properties ([Figure 3](#F3){ref-type="fig"}). The "fruit" stimuli (b) subtended approximately 2, 0.5, 0.25 and 0.16 degrees of visual angle for distances 1, 4, 8, 12 m. In panel (c), thin orange and green lines are ripe and unripe Ugandan fruit *Chrysophyllum albidum*, orange and green thick lines are "ripe" and "unripe" peppers used as experimental stimuli.](i-perception-4-84-g0002){#F2}

![Chromatic properties of the stimuli. Segments of yellow/orange and green pepper used as targets and distractors overlap in their chromatic properties (orange and green filled circles) with some fruits eaten by primates in Uganda (unfilled circles). The leaves from the experimental bush (grey squares) also show similar properties to leaves in a Ugandan rainforest (open squares).](i-perception-4-84-g0003){#F3}

2. Results {#s2}
==========

Normal trichromats made faster responses and fewer errors than their colour-deficient competitors, as expected (mean RTs 4.7 vs. 6.4 s; error score 0.17 vs. 0.54; all errors were "misses," i.e. responding with a lower number than the actual number of targets). Our unit of analysis is the pairwise comparison between the members of each matched pair. The key question is how this advantage depended on viewing distance. As shown in [Figures 4(a and b)](#F4){ref-type="fig"}, the relative advantage increased with distance, both for response time and errors \[One-way ANOVAs, *F*(3,21) = 9.7, *p* \< 0.001 and *F*(3,30) = 4.0, *p* \< 0.02; see the Methods section for subject numbers and other details\]. In [Figures 4(a and b)](#F4){ref-type="fig"}, the difference in performance (RT or error) between the colour-deficient member and the colour-normal member of each pair was divided by the overall mean RT or error of that pair, in order to control for different overall performance and speed--accuracy trade-offs (range in mean RT, 3.4--12.8 s and in mean error score 0.15--0.57; the behaviour of each member was correlated, *r* = 0.76 for RT and *r* = 0.32 for errors, probably because they influenced each other in this regard, as would be expected, and/or because they had correlated age, experience and testing conditions).

![Advantage of normal trichromacy increases with distance. In panels (a and b), the difference in performance (RT or error) between the colour-deficient member and the colour-normal member of each pair was divided by the overall mean RT or error of that pair, in order to control for different overall performance and speed--accuracy trade-offs. In panel (c), the RT for the colour-deficient member of each pair in each condition is simply divided by the RT of the colour-normal member (which is a simpler analysis and also controls for differences in baseline speed with distance). This analysis could not be done reliably for error scores because there were many instances of dividing by zero or near-zero bins. The dashed and dotted lines show the subsets of results for dichromats and anomalous trichromats (each compared with their matched normal trichromat).](i-perception-4-84-g0004){#F4}

[Figure 4(c)](#F4){ref-type="fig"} shows that the same pattern \[*F*(3,21) = 5.6, *p* = 0.005\] occurred for the mean ratio of response times of the colour-normal and colour-deficient members of each pair. The dashed and dotted lines in [Figures 4(a--c)](#F4){ref-type="fig"} show the subsets of results for dichromats and anomalous trichromats (each compared with their matched normal trichromat), indicating that the effect on response time is greater for full dichromats \[interaction *F*(3,18) = 3.4, *p* \< 0.05\], as would be expected. The same pattern is not evident in the error scores, but this could be a simple lack of power or a difference in speed accuracy strategy between groups. Note that the key comparison was between the colour-deficient and normal trichromatic member of each pair, not between dichromats and anomalous trichromats, because although the dichromats and anomalous trichromats were each matched in age and relevant experience to their control trichromats, dichromats and anomalous trichromats could not be matched in age or experience with each other. The mean age of the dichromats was 10 years older than that of the anomalous trichromats.

3. Discussion {#s3}
=============

Our results show that in our naturalistic visual search task with human observers, the advantage of normal trichromacy over dichromacy or anomalous trichromacy increased with distance (even without the additional cues of smell and touch available to foraging monkeys). The advantage was greatest when the stimuli subtended no more than 0.2 degrees at the eye. This is likely to be because visual cues such as shape and the S/(L+M) dimension of colour vision decrease with distance for small targets. For very small stimuli, the absence of S cones in the very centre of the fovea (about the central 1/3 of a degree of visual angle), precludes information in the S/(L+M) pathway for fixated targets (known as "small field tritanopia"), although the effect of this is less when observers scan a scene, as in the present task (e.g. [@R17]).

Although we used fruit not young (reddish or yellowish) leaves as targets, we see no reason that our findings would not extend to such leaves, which are also important sources of food for some species of primate. Our results imply that the more important task for the natural selection of primate trichromacy may have been spotting food from a distance rather than picking it at arms\' length. This in no way challenges the previous finding that the LM colour channel is optimal at the close-up task ([@R23]). The biggest advantage of one phenotype over competing phenotypes does not have to arise for the task that the phenotype is best at. However, while the spatial-frequency sensitivity of the LM system undoubtedly makes it *optimal at* the close-up task, our results do raise the question of whether it has been *optimized by* that task. Rather, its optimality may have emerged as a side effect of the combined pressures of the longer distance task and other constraints, such as the random layout of L and M cones on the retina ([@R7]) and the unavoidable fact that both colour resolution and achromatic resolution cannot be equally high because they are conflated in the most fine scale comparison of neighbouring cones.

One general puzzle is why it has been so difficult to observe any behavioural advantages for trichromats over dichromats in the wild, when they have been apparent as expected in experiments such as this one and those on captive tamarins and marmosets ([@R4]; [@R31]). Most studies in the wild have concentrated on observing monkeys picking fruit (e.g. [@R12]; [@R18]; [@R39]), where our results predict the advantage is smallest, even without the extra tactile and olfactory cues available in the wild but not in our experiment. Unfortunately, it is very difficult to discern and quantify the longer distance task except by observing troop leadership, which is known to be influenced by other social factors which might mask any effect of colour vision ([@R29]).

Another possibility is that the colour properties of fruits consumed in the forests where these studies have taken place are not fully representative of the gamut of fruits eaten by our ancestors. It is difficult to do more than speculate here, but the chromaticity diagrams in [@R12], who found no differences in feeding behaviour between dichromatic and trichromatic spider monkeys, show a higher ratio of cryptic fruits (those that stay green; see also [@R6]) and fruits that turn dark brownish purple (as do many types of fig), and fewer orange or yellow fruit than are found in the diet of primates in Uganda ([@R34], [@R35]). Cryptic fruits are detected from afar by smell or shape (and memory), and close up by shape, position, smell or feel (e.g. [@R11]; [@R18]), all of which dichromats can do at least as well as trichromats. Dark fruits have, by definition, a strong achromatic signal, which again dichromats can detect at least as well as trichromats (and possibly are better attuned to). However, viewed amongst foliage from a distance, dark fruits (unless in a clump) could easily be mistaken for shadow or gaps, so the use of achromatic cues in fruit foraging remains unclear (as does the extra cue of glossiness often present in dark fruits). It would be interesting to test human dichromats and trichromats with fruits showing these properties, such as green and red grapes. Note that our targets did also contain a strong luminance signal relative to the foliage background, and of course wild monkeys have a lifetime of practice in fruit picking which acts to diminish any behavioural differences between them.

Field studies have concentrated on polymorphic species of monkey where some individuals are trichromatic and some are dichromatic, both because this situation makes an ideal natural experiment and because the polymorphism is interesting and rare in itself. It arises through there being different alleles of the gene coding the L cone pigment, which give the pigment different sensitivities (akin to our L and M cones). If a monkey is homozygous for this gene, they can only have one type of L cone (in addition to S cones), and are thus dichromatic. But if they are heterozygous, and the alleles are expressed in different cones cells, then they possess two types of L cone (i.e. L and M cones) and can be trichromatic ([@R21]). The polymorphic gene is on the X chromosome, which means that only females get the opportunity to be heterozygous and thus trichromatic. In many species, there are three alleles present in different frequencies, which means that approximately 60% of females are trichromatic ([@R13]; [@R40]). Because trichromacy arises from heterozygosity, rather than from possessing a single advantageous allele, it cannot be simply passed on to offspring. In fact, there is about equal chance of a dichromatic or trichromatic mother having a trichromatic daughter (in-breeding avoidance can complicate this, and possibly make dichromats more likely to have trichromatic daughters; [@R38]).

However, rare alleles tend to be lost to populations if their presence provides no advantage (e.g. [@R37]), so it is assumed that to maintain the polymorphism there must be some advantage to trichromacy in the wild that translates into improved fitness (the potential advantage of having different types of dichromacy in a population has not been given any support; [@R27]). On the other hand, if this advantage was very large, there is the obvious question of why full trichromacy has not emerged in these species, as it did for Asian and African primates, and has done also for howler monkeys ([@R15]). One possibility is that the genetic event required to allow this is vanishingly rare and simply never happened in those species that remain polymorphic ([@R26])---a gene duplication is required that puts two different alleles onto the same chromosome alongside working promoter regions and a mechanism for expressing these genes differentially in different cones. The other possibility is that the advantage of trichromacy is much subtler than originally expected when combined with social factors within a polymorphic population (e.g. [@R3]; [@R29]), and may also be offset by some advantages for dichromacy, such as breaking camouflage of cryptic insects ([@R19]; [@R26]; [@R28]). Either way, given that many species of monkey have successfully survived and diversified over millions of years in which the majority of individuals (and all the males) have been dichromatic (e.g. [@R37]), it should not be surprising that dichromats are not glaringly deficient at any crucial task in the wild that would dramatically harm their chances of survival. From this perspective, the advantage of trichromacy is bound to be quite subtle and hard to measure in free-ranging wild monkeys.

Lastly, some authors have suggested that the selective advantage of trichromacy might have been in signalling ([@R5]). Many monkeys have red faces (and sometimes red sexual signals) or orange fur markings ([@R36]). More recent evidence suggests that such signalling post-dates the invention of trichromacy, and thus took advantage of trichromacy once it had arisen, rather than driving its natural selection initially ([@R10]). However, it may form part of the selection pressure maintaining it in current populations, as might predator detection ([@R30]; [@R36]).

4. Conclusion {#s4}
=============

In conclusion, we found that in a naturalistic visual search task of finding food in foliage, humans with "normal colour vision" diverged in performance from dichromats or anomalous trichromats most for the longest viewing distance (12 m). This implies that in the natural selection of trichromacy, the task of spotting fruit from a distance was a greater driving force than picking fruit close up.

5. Methods {#s5}
==========

5.1. Participants {#s5.1}
-----------------

Colour-deficient participants were recruited through advert and tested using the Ishihara test (24 plate edition) and Nagel Anomaloscope to determine their type of colour vision. Following this screening, 12 participants with clearly defined colour deficiency (3 protanopes, 4 deuteranopes, 2 protanomalous and 3 deuteranomalous) performed the visual search task. Each was paired with control participant with normal trichromacy (tested using the Ishihara plates), matching as closely as possible for age, sex, experience of visual experiments and knowledge of colour vision. Each pair performed the task simultaneously so that they were exposed to the identical trial sequence in identical lighting conditions (cloudy or sunny). This set-up also engendered some aspect of competition between the pair, simulating the competition for fruit of two primates simultaneously foraging in the same tree. For the first three pairs of participants, accuracy was recorded, but not reaction time due to a technical error. One participant opened his eyes prematurely on some of the visual search trials, and so that pair was excluded from all analyses. Therefore, there were 16 participants (8 pairs) for the analysis of response time and 22 participants (11 pairs) for the analysis of error scores.

5.2. Visual search task {#s5.2}
-----------------------

Participants had to count the number of "ripe fruit" hanging in a bush from a distance of 1, 4, 8 or 12 m ([Figure 1](#F1){ref-type="fig"}). On each trial, the two participants were positioned at the appropriate distance and blindfolded while the experimenter positioned four "fruit" (see the Stimuli section below) amongst the leaves of the bush. Between zero and four of these stimuli were targets ("ripe fruit") and the rest were distractors ("unripe fruit").

When the stimuli were positioned, the experimenter instructed the participants to remove their blindfold keeping their eyes closed (compliance was monitored by the experimenter). Then, on the instruction "GO" the participants simultaneously opened their eyes and viewed the stimuli. Their task was to press one of the five keys (labelled 0, 1, 2, 3, 4) on a keyboard "as quickly and accurately as possible" to indicate the number of targets they could see. The keyboards were positioned on a trolley between the participants, which also contained the computer and could be moved to each distance as appropriate ([Figure 1](#F1){ref-type="fig"}, lower panel). The side of the trolley taken by the colour-deficient participant was counterbalanced across pairs. RT was recorded (except for the first three participants) as well as the difference between the answer given and the correct answer (error score). While there was no barrier to entirely rule out participants seeing each other\'s responses, behaviour was watched by the experimenter. Furthermore, if a participant based their response on that of their competitor, by definition they would have longer reaction times, but consistently across distances. The effect this might have on results is to dilute any interaction between group and distance.

There were 40 trials per pair (10 per distance), taking approximately one hour to complete. On each trial, the number of each stimulus type and their positions, as well as the viewing distance, all followed a randomized sequence that ensured two trials with each number of targets (0--4) were conducted for each distance.

5.3. Stimuli {#s5.3}
------------

The aim was to use real fruit as target and distractor stimuli, positioned amongst real leaves. We located a suitable bush (*Aucuba japonica*) in an unused courtyard on the University campus, which could be viewed from between 1 and 12 m. We measured the reflected spectra (SpectroCal, Cambridge Research Systems) from 25 of the leaves in situ under natural overcast conditions in order to compare their chromaticity coordinates ([Figure 3](#F3){ref-type="fig"}) with leaves measured in a Ugandan rainforest, also under overcast conditions, by [@R34]. These rainforest spectra are available online at the "Cambridge database of natural spectra" (<http://vision.psychol.cam.ac.uk/spectra/>). To calculate chromaticities, we used cone fundamentals from [@R33] and corresponding scaling factors (<http://www.cvrl.org>).

To choose target and distractor stimuli, we measured the reflectance spectra of a range of fruits obtained from local supermarkets and specialist shops, in order to compare them with the fruit in a Ugandan forest ([@R34], [@R35]). For this comparison, we used 10 fruit species (7 *Ficus sp*., 2 *Celtis sp*. and *Chrysophyllum albidum*) highly favoured by the primates in the Kibale forest, including monkeys and chimpanzees, from the "Cambridge database of natural spectra" (see [Figure 2](#F2){ref-type="fig"}). To be used in our task, target and distractor fruit had to satisfy three conditions: (1) the chromaticities had to be representative of the rainforest fruit (to calculate chromaticities, we used a natural illuminant in overcast conditions from near the experimental bush for experimental stimuli, and from Uganda for Ugandan fruit, <http://vision.psychol.cam.ac.uk/spectra/>); (2) the stimuli had to be light enough to hang on the bush; (3) the stimuli must not change (e.g. change colour through oxidization) during the course of an experimental session. The fruit that best satisfied these criteria were green ("unripe") and yellow/orange ("ripe") peppers, which could be cut into equal-sized segments and hung on the bush with small green hooks. Although peppers are not indigenous to Africa, natural spectra are constrained by the pigments available to plants. Finding segments of pepper amongst leaves is a task highly representative of the chromatic visual search task facing primates in Uganda, which in turn is the environment most likely to represent that of our shared ancestors. Segments 3 × 5 cm were used ([Figure 2](#F2){ref-type="fig"}), subtending the following degrees of visual angle for distances 1, 4, 8, 12: 1.7 × 2.3, 0.43 × 0.57, 0.21 × 0.29, 0.14 × 0.19.

Before performing the visual search trials, each participant was shown the yellow and green pepper segments intermingled on a plate and asked to categorize them into two piles. All participants did this without error. They were then informed that the yellow peppers, but not the green, were the targets for the visual search.
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